X'i'*-'" 


AFATL-TR-71-149 


A  METHOD  FOR  ELIMINATING 

P~,. 

THE 

MAGNUS  INSTABILITY  OF  A  FINNED  MISSILE 


GUN  RANGE  OPERATIONS  BRANCH 
GUNS  AND  ROCKETS  DIVISION 


TECHNICAL  REPORT  AFATL-TR-71-149 


I® 


NOVEMBER  1971  f)  D  C 

M 

M  HAT  I5  191?  |l 

NATIONAL'  T F C H N ! C A L  lliiTnfnitrU  »j  Lbu 

INFORMATION  SERVICE  JLbL_J-JU 


Approved  for  public  release;  distribution 
unlimited . 


& 


It 


i 

88 


AIR  FORCE  ARMAMENT  LABORATORY 

AIR  FORCE  SYSTEMS  COMMAND  •  UNITED  STATES  AIR  FORCE 

EGLIN  AIR  FORCE  BASE,  FLORIDA 


Security  Classification 


DOCUMENT  CONTROL  DATA  •  R  &  D 

'Security  claustllcatton  of  till*,  body  of  «b*fr«cf  and  indexing  ^notation  mull  be  entered  when  the  overall  report  li  ctausltled)  3 

1  ORIGINATING  AC  ti  viTY  (Corporate  author) 

Guns  and  Rockets  Division 

2a.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 

Air  Force  Armament  Laboratory 

Eglin  Air  Force  Base,  Florida  32542  ' 

25.  GROUP 

3  REPORT  TITLE 

A  METHOD  FOR  ELIMINATING  THE  MAGNUS  INSTABILITY  OF 

A  FINNED  MISSILE 

4  DESCRIPTIVE  NOTES  (Type  ot  eeport  end  Inclusive  deter) 

S  AU  TMORISl  (First  nane,  middle  initial,  last  name) 

Edward  S.  Sears 

6  RCPOR  T  DATE 


November  1971 


ta.  CONTRACT  OR  GRANT  NO 

Oa.  ORIGINATOR‘1  REPORT  KIUUUERIM 

fc.  PROJEC  T  NO 

AFATL-TR-71-149 

9b.  OTHER  REPORT  NOlS)  (Any  other  number  a  that  moy  be  assigned 

thin  report) 

<#. 

:q  distribution  statement 


Approved  for  public  release,  distribution  unlimited. 


i  ||  SUPPLEMENT  ARY  NOTES 


Available  in  DOC 


12  SPONSORING  MILITARY  ACTIVITY 

Mr  Force  Armament  Laboratory 

\ir  Force  Systems  Command 

Sglin  Air  Force  Base,  Florida  32542 


13  ABSTRACT 

Subsonic  one-degree-of-freedom  and  three-degrees-of-freedom  wind  tunnel  tests 
were  performed  to  determine  whether  N-vanes  attached  to  a  spinning,  statically 
stable  missile  would  eliminate  the  Magnus  instabilities  which  can  occur  at  high 
spin  rates.  The  clean  configuration  missile  that  was  tested  had  a  large  precessior 
limit  cycle  of  about  35  degrees  amplitude.  With  N-vanes  at  +  15  degrees,  it  was 
possible  to  eliminate  the  precession  limit  cycle.  With  the  N-vanes  at  -15  degrees, 
the  precession  limit  cycle  was  eliminated,  and  a  nutation  limit  cycle  oi  25 
degrees  was  created.  The  motion  of  the  missile  with  and  without  N-vanes  was 
photographed  with  a  high  speed  camera.  The  angular  data  obtained  were  fit  using 
the  KOBBLL  computer  program  to  obtain  the  coefficients  of  pitching  moment,  pitch 
damping  moment,  and  Magnus  moment.  Smoke  flow  pictures  were  taken  of  each  con¬ 
figuration  to  determine  how  the  flow  over  the  model  was  affected  by  the  N-vanes. 
The  aerodynamic  coefficients  obtained  were  found  to  be  nonlinear  with  angle  of 
|  attack.  These  coefficients  verified  the  observed  changes  in  the  dynamic  stability 
|  of  the  missile  that  occurred  with  the  addition  of  the  N-vanes. 
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SECTION  I 
INTRODUCTION 

A  symmetric-finned  missile  with  static  stability  does  not  require  spin 
for  dynamic  stability  (Reference  1).  However,  manufacturing  tolerances  are 
usually  sufficient  to  cause  undesirable  dispersion  when  the  spin  rate  is 
zero;  therefore,  as  explained  in  Reference  2,  most  finned  missiles  are 
intentionally  designed  to  spin.  The  spin  rate  required  to  reduce  dispersion 
due  to  asymmetries  is  usually  not  large,  on  the  order  of  a  few  radians  per 
second.  Unfortunately,  the  nutation  frequency  of  most  finned  missiles  is  of 
the  same  order  of  magnitude. 

A  finned  missile  is  usually  designed  to  spin  up  to  some  spin  rate  above 
the  nutation  frequency  in  order  to  avoid  the  resonance  instability  described 
in  Reference  2.  This  phenomenon  can  occur  when  the  spin  rate  is  near  the 
nutation  frequency.  A  spin  rate  of  five  times  the  nutation  frequency  is 
usually  considered  adequate  to  avoid  resonance  instability,  assuming  the 
missile  rolls  through  the  critical  region  quickly.  However,  at  the  higher 
spin  rates,  a  Magnus  instability  can  occur  (Reference  3). 

The  purpose  of  the  work  presented  in  this  report  was  to  determine  if 
these  Magnus  instabilities  could  be  eliminated  by  tl  ,  addition  of  small 
very-low-aspect-ratio  vanes,  N-vanes,  to  the  missile  as  suggested  in 
References  2  and  3.  A  finned  missile  (Figure  1)  that  was  known  to  have  a 
Magnus  instability  was  selected  and  after  various  appendages  were  added, 
the  changes  that  the  appendage  caused  in  the  missile  angular  motion  were 
observed.  After  numerous  tests,  an  N-vane  configuration  was  found  that 
significantly  altered  the  missile  motion.  The  angular  motions  of  the 
successful  N-vane  configurations,  as  well  as  of  the  basic  or  clean  configu¬ 
ration  (Figure  2).  were  then  fit  to  the  aeroballistic  theory  from  Reference 
4,  and  the  aerodynamic  coefficients  were  obtained. 
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SECTION  II 

LINEAR  AEROBALLISTIC  THEORY 

The  angular  equations  of  motion  for  a  symmetric  missile  with  a  con 
strained  center  of  gravity  are 

L  =  I1> 
x 


M  =  Iq  + 


PI  r 
x 


(1) 


N  =  Ir  -  PI  q 
x  1 

Where  the  forces  and  moments  are  described  in  an  aeroballistic  axis  system 
as  shown  in  Figure  3. 


Figure  3.  Aeroballistic  Axis  System 
For  a  constant  roll  rate,  L  =  0  and  the  aerodynamic  moments  are. 


M  -  M  u  +  M  q  +  M.«  +  M  _pg 
ot  q '  a 
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4 
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N  =  +  Nrr  +  *  N{>apa 
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the  aerodynamic  stability  derivatives 


%  *  A 


Ns  -  -M. 
‘  (j  a 


N  = 
v  q 


N  =  M  a 
pa  p6 


Making  use  of  the  regions  ,  .  4  and  r  .  -B  for  small  angles,  the 
moment  equations  may  be  written  as  follows 


Mao  +  M  &  +  MAd  +  Mp(Jp3  “  io  -  pi/ 


-Mae  -  Mi  -  M&6  +  Mp3pa  =  -li  ~  P1^ 


Multiplying  Equation  (6) 
the  results  give 


by  i  and  Equation  (7)  by  -1  and  then  adding 


Hjt  +  Mq“  +  M&“  +  iMpEp“  =  "  ipI^ 


Where  a  =  0  +  ia. 

Rearranging  Equation  (8)  gives 


*  r^eiPyil«^t^-]a.o^ 


The  solution  to  Equation  (9)  is 
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(10) 
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(CMq  +  CMd5 
21 


(1  -  T) 


> 

c,  „  1- 

MpB  Ix 

05) 


The  aeroballistic  theory  was  fit  to  the  angular  data  from  the  wind 
tunnel  by  a  least  squares  procedure  using  the  WOBBLE  computer  program  from 
Reference  5.  The  data  were  fit  to  the  linearized  theory  in  overlapping 
sections,  yielding  the  parameters  K^,  Kp,  wp,  X^,  and  Xp  as  functions 
of  time.  ' 


The  aerodynamic  coefficients  were  computed  from  these  parameters  as 
follows: 


For  the  three-degrees-of-freedom  (3-D)  case 


Slot  =  WNWP 


&> 


(16) 


(CMq  + 

W  = 

r  - 

Vp 

MpB  ~ 

L  V 

V  +  x  1 
N  +  AP'  4 
N  *  TtQd^ 


+  wr 


sy_ 

nQd^ 


(17) 


(18) 


For  the  one-degree-of-freedom  (1-D)  case 


(19) 


+  c.«0 

Mcr 


(20) 


The  sign  convention  used  for  the  coefficients  is  shown  in  Figure  4. 
Diagrams  of  the  typical  motions  for  the  N-vane  1  configuration  is  shown  in 
Figures  5  through  7.  For  a  statically  stable  missile,  the  nutation  arm 
(K^j)  rotates  in  the  same  direction  that  the  missile  is  spinning,  while  the 
precession  arm  (Kp)  rotates  in  the  opposite  direction. 
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Figure  5.  Example  of  3-D  Angular  Motion  (N-Vanes  1) 
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Figure  0.  Nutation  Limit  Cycle  fN-Vane  1)  Configuration 


SECTION  III 


EXPERIMENTAL  TECHNIQUE 

The  model  tested  was  a  low  drag  finned  configuration  (Figure  1  and 
Table  I). 

1.  INERTIA  MEASUREMENT 

The  torsion  pendulum  method  (Reference  6)  was  used  to  determine  the 
transverse  and  axial  moments  of  inertia,  I  and  I  ,  for  the  model.  In  this 
technique,  the  model  was  supported  by  a  5-inch  long,  0.037-inch  diameter 
wire.  The  model  was  given  an  angular  displacement  and  released,  and  periods 
were  then  averaged  over  a  10-cycle  oscillation.  The  moments  of  inertia 
were  computed  using  the  measured  periods  and  the  spring  constant  of  the  wire. 

2.  WIND  TUNNEL  TESTING  PROCEDURE 

The  Notre  Dame  low  turbulence  wind  tunnel  with  a  2  by  2  foot  test  section 
was  used  for  the  1-D,  3-D,  and  smoke  flow  tests  as  described  in  References 
2  and  6.  All  the  tests  were  run  at  a  wind  tunnel  velocity  of  approximately 
57  feet  per  second. 

The  model  support  system  shown  in  Figure  8  was  used  for  both  1-D  and 
3-D  tests.  This  support  system  allowed  the  model  to  pitch  freely  on  two 
sapphire  jewel  bearings  and  simultaneously  to  yaw  on  a  sapphire  cup.  Rolling 
motions  were  obtained  by  allowing  the  front  and  rear  sections  of  the  model 
to  rotate  while  the  middle  section  of  the  model  was  free  to  pitch  and  yaw 
but  nor  roll.  The  support  system  was  mounted  on  the  floor  of  the  test  section. 

3.  1-D  WIND  TUNNEL  TESTING  PROCEDURE 

For  the  1-D  tests,  the  clean  configuration  (Figure  9a)  was  used.  The 
model  was  fixed  on  the  support  system  so  that  it  was  not  free  to  pitch  or 
rol  l . 

To  obtain  the  1-D  yawing  motion  in  the  wind  tunnel,  a  moving  camera 
technique  was  used.  This  technique  consisted  of  a  still  camera,  with  its 
shutter  open,  propelled  along  a  stationary  track.  The  wind  tunnel  setup  is 
shown  in  Figure  10.  The  model  was  illuminated  by  a  strobe  light  flashing 
at  intervals  of  0,068  second. 

4.  1-D  DATA  REDUCTION  PROCEDURE 

The  1-D  angular  oscillations  were  converted  to  digital  values  of  angle 
of  attack  by  using  an  optical  comparator  to  measure  the  displacement  of  the 
nose  as  a  function  of  time  and  a  computer  program  to  convert  this  information 
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Figure  8.  3-D  Support  System 
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(a)  Clean  Configuration 


(b)  N-Vanc  l  Configuration 


(c)  N-Vanc*  2  Configuration 


Figure  9.  Wind  Tunnel  Test  Models 


-D  Test  Set-Up 


TABLE  I.  PHYSICAL  CHARACTERISTICS  OF  TEST  MODEL 


Mass,  slugs 

0.0766 

2 

Axial  moment  of  inertia,  slug-ft 

0.000218 

2 

Transverse  moment  of  inertia,  slug-ft 

0.00569 

Model  length,  inches 

22.25 

Model  diameter,  inches 

2.0 

Center  of  gravity,  inches  from  nose 

10.12 

to  angular  data.  Two  reference  marks  were  painted  on  a  rod  inserted  into  the 
wind  tunnel  as  showr  in  Figure  11.  The  distance  between  the  two  marks  was 
used  for  converting  picture  distances  to  angular  data. 

5.  3-D  WIND  TUNNEL  TESTING  PROCEDURE 

For  the  3-D  tests,  the  model  was  made  to  spin  at  steady  state  roll  rates 
from  20  to  60  rad/sec  by  adding  small  tabs  fFigure  9(b)  and  9(c)).  To  obtain 
3-D  angular  motions  for  reduction  to  aerodynamic  coefficients,  the  model  was 
given  an  initial  angle  of  attack  and  angular  rate.  The  subsequent  motions 
were  recorded  using  a  Millikan  camera  running  at  128  frames  per  second.  A 
first-surface  mirror  was  mounted  at  the  rear  of  the  test  section  at  a  '15- 
degree  angle  to  both  the  model  and  the  camera.  This  test  setup  is  shown  in 
Figure  12  and  described  in  Reference  7. 

6.  3-D  DATA  REDUCTION  PROCEDURE 

The  3-D  angular  motion  was  converted  to  angle  of  attack  and  angle  of  side¬ 
slip  from  the  motion  pictures  using  an  optical  comparator  and  a  computer  pro¬ 
gram.  Two  reference  marks  were  painted  on  a  thin  rod  inserted  into  the  wind 
tunnel  from  the  bottom.  Reference  marks  w*»re  also  painted  on  the  rear  of  the 
missile  and  on  one  of  the  missile  fins.  This  reference  point  system  is  shown 
in  Figure  13.  The  distance  between  the  two  reference  marks  on  the  rod  were 
measured  and  used  as  a  scale  factor  for  converting  from  picture  units  to  wind 
tunnel  units.  The  distance  from  the  center  of  gravity  of  the  model  to  the  rear 
reference  mark  was  also  measured.  This  measurement  provided  information  for 
converting  from  comparator  readings  to  angle  of  attack  and  angle  of  sideslip 
(Figure  14).  Roll  rate  data  were  obtained  by  taking  an  average  of  the  time 
required  for  the  dot  on  the  fin  to  make  ten  revolutions.  The  roll  rate  was 
nearly  constant  throughout  each  test. 
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7.  FLOW  VISUALIZATION  TECHNIQUE 

The  flow  visualization  equipment  used  is  described  in  Reference  8.  Smoke 
was  produced  in  a  smoke  generator  in  which  kerosene  dripped  onto  electrically 
heated  plates.  The  smoke  was  introduced  in  the  low  turbulence  tunnel  ahead 
of  anti -turbulence  screens.  The  velocity  in  this  region  was  about  1  ft/sec. 
The  velocity  in  the  test  section  was  57  ft/sec. 
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Figure  12.  3-D  Wind  Tunnel  Set-Up 
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SECTION  IV 


RESULTS 

The  primary  objective  of  this  test  program  was  to  determine  if  a  Magnus 
instability  of  a  finned  configuration  could  be  eliminated  by  adding  N-vanes 
to  the  model. 

An  investigation  was  initially  undertaken  to  observe  the  3-D  angular 
motions  possible  with  the  clean  configuration.  It  was  found  that  the  clean 
configuration  could  be  easily  put  into  a  precession  limit  cycle  (angular 
motion  in  opposite  direction  of  spin)  of  approximately  35  degrees  amplitude, 
when  initially  excited  in  the  precession  mode.  This  limit  cycle  motion  was 
obtained  over  a  large  range  of  spin  rates.  When  excited  in  the  nutation  mode, 
the  model  damped  to  zero  angle  of  attack. 

Various  N-vanes  were  attached  to  the  model  as  shown  in  Figure  2  to 
determine  if  the  precession  limit  cycle  could  be  eliminated.  It  was  found 
that  N-vanes  on  the  rear  half  of  the  model  had  little  noticeable  effect  on 
the  motion  of  the  missile. 

Adding  the  N-vanes  to  the  nose  had  a  marked  effect  on  the  motion.  The 
N-vane  configuration  shown  in  Figure  2(b)  (N-vane  1)  completely  eliminated 
the  precession  limit  cycle  and  created  a  nutation  limit  cycle  (angular  motion 
in  same  direction  as  spin)  of  about  25  degrees  amplitude,  when  excited  in  the 
nutation  mode. 

The  N-vane  configuration  shown  in  Figure  2(c)  (N-vane  2)  eliminated 
both  the  precession  and  nutation  limit  cycles  for  all  initial  angles  of 
attack  and  angular  rates. 
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SECTION  V 


ANALYSIS  OF  DATA 

Data  from  the  1-D  test  were  obtained  from  the  clean  configuration,  and 
the  coefficients  C„  and  (C,,  +  are  plotted  in  Figures  15  and  16. 

The  1-D  yawing  motion  dampea^out  rapidly,  and  as  a  result,  the  highest  mean 
angle  of  attack  for  a  section  fit  that  could  be  obtairied  was  13.5  degrees. 
These  data  were  very  repeatable  and  are  compared  with  the  3-D  results  in 
Figures  17(a)  and  18(a).  the  1-D  and  3-D  results  compare  relatively  well 
over  the  angles  of  attack  where  both  types  of  data  were  taken. 

A  summary  of  the  3-D  data  is  presented  in  Table  II  and  Figures  17  to 
23.  These  data  were  taken  at  roll  rates  of  approximately  50  rad/sec  which 
were  about  eight  times  the  missile  nutation  frequency.  After  the  data  were 
reduced  to  angles  and  were  fit  with  the  NOBBLE  computer  program,  it  became 
evident  that  almost  all  the  motions  were  nearly  circular  and  contained  one 
large  arm, (K^  or  Kp)  and  one  small  arm  (K„  or  Kp) .  For  a  section  length  of 
1.3  cycles  (about  170  data  points),  the  WOBBLE  rits  gave  good  results  for  the 
X  and  w  corresponding  to  the  large  arm  and  gave  poor  results  for  the  X  and 
lo  corresponding  to  the  small  arm  (Figure  17)  (N-vane  1,  run  1).  The  motion 
in  this  run  was  almost  pure  nutation.  The  WOBBLE  fit  gave  a  well  defined  K^, 
o^,  and  Xj,;  however,  was  very  small.  The  amplitude  of  Kp  for  this  case 
was  on  the  same  order  as' the  pitch  and  yaw  residuals  from  the  WOBBLE  fit. 

The  determination  of  wp  from  the  fit  was  marginal,  and  Xp  was  very  poor. 

The  values  obtained  for  the  coefficients  (C,,  +  C..^)  and  C  „  contained  so 
much  scatter  due  to  the  bad  determination  otqo)p  and  Xp  thatMJ)pthey  were 
deemed  useless.  Several  different  section  lengths  of  data  were  tried  as 
well  as  various  initial  approximations  to  the  fitting  routine,  and  a 
numerical  integration  fitting  routine,  all  without  significant  improvement. 
Similar  results  were  obtained  for  most  of  the  other  runs. 


Since  some  runt  that  contained  pure  nutation  and  others  that  contained 
pure  precession  were  obtained  for  all  the  configurations,  the  uk  and  X^  for 
the  pure  nutation  rui  s  were  combined  with  the  cop  and  Xp  from  the  pure  pre¬ 
cession  runs  to  compute  the  coefficients  C^,  (C^  +  cj^),  and  C^pg.  This 
procedure  worked  very  well  except  that  twice  as  many  runs  were  required  to 
compute  the  coefficient  as  would  have  been  the  case  if  two  arms  had  been 
present  in  each  run.  Also  run-to-run  variations  in  spin  rate  and  ve’ocity 
had  to  be  neglected. 


The  values  for  tp,  X„,  and  Xp  are  plotted  in  Figures  20  to  23.  The 
angle  of  attack  range  that  was  of  most  interest  was  from  0  to  30  degrees, 
but  the  plots  show  gaps  in  the  w  and  X  data.  Where  no  data  were  available, 
a  line  was  faired  through  the  existing  data  to  obtain  the  trend.  Values  for 

(¥?) . Ca«a  (! 

arm  fit  was  possible,  the  coefficients  are  included  on  the  plots.  The  dynami 
damping  factors  are  plotted  on  Figure  25  and  the  motion  half  lives  are  listed 
in  Table  III. 


C.j- ) ,  and  (Figure  24)  were  computed  from  Equations  (16), 

8),  and  the  w  and  X  data  were  obtained  as  described.  Where  a  two 
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(C^+C^)  for  Clean  Configuration  from  1-D  Tests 
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Figure  17  (u) .  Pitching  Moment  Coefficient  for  Clean  Configuration 
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Figure  17  (b) .  Pitching  Moment  Coefficient  for  N-Vane  1  Configuration 
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Figure  18  (a).  Fitch  Damping  Moment  Coefficient  for  Clean  Configuration 
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figure  19  (c).  Magnus  Moment  Coefficient  for  N-Vane  2  Configuration 
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Figure  22  (a).  Nutation  Dynamic  Damping  Factor  for  Clean  Configuration 
from  3-D  Test 
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•(guru  22  (b).  Nutation  Dynamic  Damping  Factor  for  N-Vane  1 
Configuration  from  3-D  Test 
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Nutation  Dynamic  Damping  Factor  for  N'-V: 
Configuration  from  3-D  Test 
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Figure  23  (b).  Precession  dynamic  Damping  Factor  for  N-Vane  1 
Configuration  from  3-D  Test 
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Figure  25.  Dynamic  Damping  Factors  for  Limit  Cycle  Motions 
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TABLE  II.  SUMMARY  OP  3-D  WIND  TUNNEL  TESTS 


CONFIGURATION 

|a|  M 

RANGE,  Degrees 

ROLL  RATE, 
rad/sec 

TYPE  OF 

MOTION 

1.  Clean 

9.5 

6.0 

57.4 

Nutation 

2.  Clean 

6.0 

4.0 

59.5 

Precession 

3.  Clean 

(Unable  to 
obtain  a  fit) 

55.2 

Precession 

4.  Clean 

20.2 

12.0 

56.0 

Precession 

5.  Clean 

20.7 

10.5 

55.5 

Precession 

6.  Clean 

15.7 

•  8.5 

57.4 

Nutation 

1 .  N-Vane  1 

19.0 

15.3 

49.3 

Nutation 

2 .  N-Vane  1 

27.4 

5.0 

42.8 

Precession 

3.  N-Vane  1 

16.4 

4.5 

51.8 

Precession 

4.  N-Vane  1 

10.0 

7.2 

44.5 

Precession 

1.  N-Vane  2 

29.7 

20.3 

54.3 

Precession 

2.  N-Vane  2 

18.8 

10.0 

48.7 

Nutation 

3.  N-Vane  2 

25.8 

19.6 

54.7 

Precession 

TABLE  III.  ‘ 

5UMMARY  OF  MOTION  HALF-LIVES 

Half-life  =  ~- 

an 

Half- life  =  -rr- 
dXi 

—  In  \  (Seconds) 

—  In  \  (Calibers) 

I,P  1 

CONFIGURATION 

PRECESSION, 

HALF-LIFE, 

NUTATION, 

HALF-LIFE, 

Seconds 

Calibers 

Seconds 

Calibers 

Clean 

- 

- 

0.94 

462.2 

N-Vane  1 

0.72 

360 

- 

- 

N-Vane  2 

1.15 

570 

1.15 

590 

Note:  The  values  chosen  for  A  were  for  a..  =  15  degrees 
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1.  RESULTS  FOR  CLEAN  CONFIGURATION 


The  pitching  moment  coefficient  (C,  )  was  similar  for  all  the  configura¬ 
tions.  The  pitch  damping  moment  coefficient  and  Magnus  moment  coefficient 
for  the  clean  configuration  are  plotted  in  Figures  18 (a)  and  19(a).  The 
magnitude  of  C^.  +C^'  decreases  with  increasing  angle  of  attack;  whereas, 

C,.  g  went  from  ^a  positive  value  at  small  angles  to  a  negative  value  at  the 
large  angles.  This  was  expected  because  a  negative  C.,  3  destabilized  the 
precession  arm  and  caused  the  limit  cycle  at  about  3S  degrees.  Also  Xp  was 
found  to  go  to  zero  in  this  range  of  angles  of  attack  indicating  a  limit  cycle. 
The  dynamic  stability  criteria  of  Equation  (15)  showed  that  for  values  of 
s  =  -0.044  (from  Equation  14)  and T =  0.205  (from  Equation  13),  and  using 
the  coefficients  from  Figures  18(a)  and  19(a),  the  clean  configuration  was 
dynamically  unstable  for  angles  larger  than  approximately  25  degrees. 

2.  RESULTS  FOR  N-VANE  1  CONFIGURATION 

Pitch  damping  and  Magnus  moment  data  for  the  N-vane  1  configuration  are 
shown  in  Figures  18(b)  and  19(b).  The  magnitude  of  +C^  again  decreased 
with  increasing  angle  of  attack.  The  Magnus  moment  C..^g  aid  not  change 
sign  as  it  did  for  the  clean  configuration,  but  instead  it  increased  in  the 
positive  direction  with  increasing  angle  of  attack.  This  again  confirmed 
the  observed  motions  because  a  positive  g  destabilized  the  nutation  arm 
leading  to  the  nutation  limit  cycle  as  sho&n  in  Figure  6  and  in  the  plot  of 
>N  in  Figure  22(b).  Using  these  values  for  C  +C  ^  and  C.  g  ,  Equation  (15) 
again  showed  a  dynamic  instability  at  approximately  25  degrees. 

3.  RESULTS  FOR  N-VANH  2  CONFIGURATION 

Pitch  damping  and  Magnus  moment  data  for  the  N-vane  2  configuration  are 
plotted  in  Figures  18(c)  and  19(c).  The  pitch  damping  moment  coefficient 
had  the  same  trend  as  for  the  previous  two  cases.  The  Magnus  moment  co¬ 
efficient  was  positive  at  small  angles  and  changed  sign  at  the  higher  angles. 
This  was  the  same  trend  as  was  obtained  for  the  clean  configuration;  however, 
the  magnitude  of  C..  o  was  less  at  both  the  low  and  high  angles  than  it  was 
for  the  clean  configuration.  These  values  of  C..  +0,^  and  C  g  used  in  the 
dynamic  stability  criteria  equation  showed  that  Shis* configuration  was 
dynamically  stable  at  all  angles  over  which  it  was  tested.  This  confirmed 
the  observed  motion,  as  no  limit  cycles  or  instabilities  were  observed  for 
this  configuration. 

4.  RESULTS  OF  FLOW  VISUALIZATION  TESTS 


The  smoke  flow  pictures  taken  for  the  three  configurations  are  shown  in 
Figures  26  and  27.  The  flow  over  the  clean  configuration  at  zero  spin  rate 
was  laminar.  At  the  terminal  spin  rate,  the  flow  over  the  clean  configura¬ 
tion  was  slightly  turbulent.  The  N-vane  1  configuration  caused  the  boundary 
layer  to  become  more  turbulent  and  to  increase  in  thickness.  The  N-vane  2 
configuration  increased  the  boundary  layer  turbulence  and  thickness  more 
than  the  clean  configurations,  although  not  nearly  as  much  as  for  the  N-vane 
l  configuration. 
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5.  RESULTS  IN  NONLINEAR  DATA  REDUCTION 


Since  motions  containing  limit  cycles  are  obviously  nonlinear,  a  nonlinear 
data  reduction  procedure  as  described  in  References  2  and  5  was  used  to 
compute  nonlinear  coefficients  for  all  the  configurations.  Due  to  the  one- 
armed  nature  of  the  motions,  most  of  the  coefficients  obtained  contained  a 
large  amount  of  scatter  and  therefore  are  not  presented. 
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26.  Smoke  Flow  over  Clean  Configuration 
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N-Vane  Configurations  at  Steady  Spin  Rate 


SECTION  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  effect  of  N-vanes  on  the  3-D  angular  motion  of  a  rolling  finned 
missile  has  been  analyzed.  The  aerodynamic  coefficients  C^,  (C^  +C„* ) ,  and 
CM  o  were  obtained  for  a  clean  configuration  and  for  two  turning  vane01 
coRrigurations . 

The  clean  configuration  had  a  precession  limit  cycle  of  about  35  degrees 
amplitude  caused  by  the  Magnus  moment  having  a  large  negative  value  in  this 
region  of  angles  of  attack. 

The  effect  of  the  N-vanes  1  configuration  was  to  eliminate  the  pre¬ 
cession  limit  cycle  by  preventing  the  Magnus  moment  from  becoming  large 
negatively  with  increasing  angle  of  attack.  The  nutation  limit  cycle  of 
about  25  degrees  obtained  for  this  configuration  was  caus-  d  by  the  large 
positive  value  for  the  Magnus  moment  in  the  25  degree  angle  of  attack  region. 

The  N-vane  2  configuration  eliminated  both  the  precession  and  nutation 
limit  cycles  by  keep.ng  the  magnitude  of  the  Magnus  moment  small  for  the 
entire  angle  of  attack  range. 

N-vanes  added  to  the  nose  of  a  rolling  finned  missile  were  effective 
in  altering  the  Magnus  characteristics  and  hence  the  dynamic  stability  of 
the  missile. 

Since  most  finned  missiles  encounter  a  wide  range  of  Reynolds  numbers, 
Mach  numbers,  and  roll  rates  over  their  flight  regime,  additional  experi¬ 
mental  and  analytical  work  is  required  to  determine  if  N-vanes  can  be 
effective  for  eliminating  Magnus  instabilities  in  the  actual  use  of  the 
missile. 

Wind  tunnel  testing  should  be  conducted  at  higher  velocities  over  a 
range  of  spin  rates  and  angles  of  attack.  If  the  results  are  promising, 
full  scale  free  flight  tests  should  be  performed. 
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